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ABSTRACT
The effect of porosity on the mechanical behavior in porous single phase mullite,
porous mullite-SiC-whisker and mullite-SiC-particle composites has been extensively
investigated. Different levels of porosities were obtained. by adjusting the processing
parameters, i.e. the shaping pressure and sintering temperature.
The flexural intrinsic strength tests indicated that the strength of all three materials
decreased with increasing porosity, and that the mullite-SiC-particle composites exhibited
the improved intrinsic strength at a lower level of porosity.
The indentation-strength tests revealed that while the pure mullite had single
valued fracture toughness, the mUllite-SiC-particle composites exhibited the R-curve
behavior, which was discussed in terms of the crack deflection.
SEM examinations of fracture surfaces revealed that the majority or pores were
irregular, but uniformly distributed in all three materials. In addition, the incorporation
of SiC particles into mullite changed the fracture mode from intergranular to
transgranular. This fracture mode change may arise from mechanical interlocking of SiC
particles with grain boundaries.
1 INTRODUCTION
Recently, a variety of porous materials (porous ceramics, alloy, and polymers [1])
have been developed. Porous materials have found or will find uses in several important
technologies. For instance, porous membranes are the leading candidates for new
separation systems for the chemical industry. Emerging fuel-ceIl-powered vehicles and
next-generation batteries require efficient porous materials for electrodes and separators
[2]. Porous substrates provide a viable way to reduce the dielectric constant in electronic
substrates, thereby reducing the resistance-capacitance time constant for signal processing
[3]. Ceramics are most often the materials of choice for these applications. Ceramics
offer high-temperature stability, strength, erosion resistance and corrosion resistance [4-6].
Porous ceramics are also important in construction industries. Usually, construction
materials should possess not only high specific strength [7], good alkali- and acid
resistance, but also selective permeability for gases and liquids [8]. Such a combination.
of properties can be achieved by engineering ceramics with sufficient porosity and by
adding reinforcers into the ceramic matrix.
The reinforcement of ceramic matrix by SiC whiskers has shown its efficacy in
several highly densified composite systems [9-11], such as alumina-SiC, zirconia-SiC and
mullite-SiC. Some of these composites yielded very promising results [12]. However, the
procedure for mixing SiC whiskers with ceramic matrix powders was more complicated
2
than that for mixing SiC particles [13], because the whiskers were very difficult to be
mixed homogeneously with the ceramic powder, especially at high concentrations. It has
also been reported that whiskers are often not perfect and contain small internal cavities
which would reduce the intrinsic whisker strength [14].
Although a wealth of information has already been accumulated on the mechanical
properties of porous ceramics [7, 8] and SiC-reinforced ceramic matrix, no invt<stigaJi9Il
has been carried out on SiC reinforced porous ceramics. In the present study, muIIite was
selected as the matrix material because of its superior properties such as low thermal
conductivity, good thermal shock resistance, and excellent creep resistance [15]. Both SiC
whiskers and SiC particles were used as reinforcer to strengthen the porous mullite matrix
(porosity up to about 40%). Flexural intrinsic strength and fracture toughness were
investigated for both pure muIIite and muIIite-SiC composites so that the results of porous
muIIite matrix with and without SiC can be compared.
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2 BACKGROUND
2.1 Crystal Structure and Phase Diagram of Mullite
Mullite, nominally 3AIP3.2SiOz, is not a stoichiometric compound and exists over
a solid solution range. It is a disordered, sillimanite-like structure [16] in which some
silicon ions are replaced by aluminum ions, and oxygen vacancies are generated to
compensate for charge balance [17]. The structure has orthorhombic symmetry. However,
the details are still not completely resolved [18].
Mullite is the only stable intermediate phase in the SiOz-Alz0 3 binary system at
atmospheric pressure. The phase di3gram of SiOz-AIP3 binary system is shown in Fig.1
[19]. It can be seen that mullite exists over a composition range from 71.8 to 74.3 wt.%
Alp3. There are contradictory results [20-23] regarding the extent and form of mullite
solid solubility, and the exact nature of this important phase diagram, like the structure
of mullite itself, continues to be debated. From the phase diagram of SiOz-AIP3 binary
system, we may conclude that at higher AIP3 concentrations (> 74.3 wt.% Alz0 3), stable
two phase mixtures of alumina and mullite exist~om temperature to
-1828°C.
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2.2 Crystal Structure of SiC
SiC has zinc blende crystal structure in which the anions are close-packed in an
FCC arrangement [24]. The zinc blende structure is illustrated schematically in Fig.2.
Note that the structure is similar to that of diamond, with the cations and anions
alternating in the C atom positions. For SiC with zinc blende structure, the degree of
covalent bonding is high.
2.3 Density and Porosity
Density (p) is a measure of the mass (m) per unit volume (V) of a material.
Several factors affect density: the size and atomic weight of the elements, the tightness
of packing of the atoms in the crystal structure, and the amount of porosity in the
microstructure. Most commercial ceramic materials contain more than one crystalline
phase and often a noncrystalline phase. Each of these has a different density based upon
the atoms present and the packing arrangement of the atoms. In addition, there is porosity
present in the microstructure. In this case, we use bulk density to measure the density
of a bulk ceramic body which includes all porosity, lattice defects, and phases.
The bulk density of a ceramic body can be measured using Archimedes' principle
[25], where the difference in the weight of the ceramic in air compared to the weight
suspended in water permits calculation of the volume. The procedure involves measuring
6
[Zinc blendel structure
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Fig.2 Zinc blende structure of SiC
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the dry weight D, the wet weight in air Wand the wet weight suspended in water S, then
Exterior volume V =(W-S)/Pw3Ier
Bulk density Pbulk =DN
...(1)
...(2)
Porosity is a measurement of the percentage of the unoccupied volume in the solid
state specimens. ~t can be determined by comparing actual bulk density of a ceramic body
with its theoretical density. If a ceramic could be densified completely to contain no open
or closed porosity, it would consist only of a mixture of solidphase. This pore-free
condition would represent the maximum bulk density achievable for the theoretical
density (Plh)' The theoretical density of a two-phase composite can be calculated according
to the crystallographic densities (p I and pz) and volume fractions (VI% and Vz%) of the
solid phases in the microstructure:
Then, the porosity of the composite can be determined:
Porosity(%) = {(Pth-Pbulk)/Pth} X 100%
8
...(3)
... (4)
2.4 Indentation-Strength Test
The introduction of controlled flaws to test the intrinsic behavior of a ceramic is
well established [26-29]. The technique makes use of a sharp indenter to provide well
defined fracture origins. The size of these starting flaws are varied systematically with the
applied indentation load and measurement is made.of the corresponding fracture strength.
The test provides a way of assessing a materials sensitivity to varying flaw size,
i.e, flaw tolerance. Ceramics with single valued toughness display a decline in fracture
strength, O"f' with increasing indentation load, P, according to the relation
O"f =AP- 1I3
where A is a constant.
... (5)
On a logarithmic plot of O'f verses P, this corresponds to a straight line of slope -
1/3. For a material which possesses an inherent R-curve behavior, the failure stress
becomes relatively insensitive to flaw size, the slope tends to level out, and a plateau
region develops at shorter crack lengths. At larger initial flaw dimensions, higher fracture
strengths are realized in comparison to non-R-curve materials. Fig.3 schematically shows
the indentation-strength test results for a material of single valued toughness and the
effect of R-curve.
9
Materials with strong R-curves exhibit several advantageous properties. The
stabilizing influence of a rising R-curve promotes flaw tolerant materials, that is, ones in
which the strength is maintained despite increases in initial defect size. Such insensitivity
of fracture strength to flaw size results in greater reliability, and improved thermal shock
resistance [30].
Unlike many other fracture toughness tests, the indentation-strength method reveals
a materials response to very short cracks which are comparable in size to those created
during processing, machining, and possibly in-service damage. Thus the test is highly
relevant to the fabrication and design problems of structural ceramics.
10
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Fig.3 Schematic plot of indentation-strength test results for a material of single valued
toughness and the effect of R-curve
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3 EXPERIMENTAL PROCEDURE
3.1 Powder Preparation
The starting materials used for this work were a dense fused mullite powder (M)
which has a particle size of less than 10 microns, SiC whiskers (SiC-W) which have a
dimension of about Ix10 microns, and SiC powder (SiC-P) which has a particle size of
less than 5 microns. The chemical composition of mullite powder (Refractory Minerals
Company, Inc.) is listed in Table I.
Table 1. Chemical Analysis of Mullite
Compo
wt.% 76.05 23.6 0.05 Trace
CaO
0.03
MgO
0.02 0.25
For SiC whiskers as a reinforcer, the composites of muIIite with 0, 3, 5, and 10
wt.% of SiC whiskers were prepared. Before mixing mullite powders and SiC whiskers,
the mullite powders were milled with zirconia balls for 48 hours. The mixing procedure
started with the preparation of a paste by adding SiC whiskers and milled mullite powder
into methanol under magnetic stirring. Methanol was chosen for processing because it
produced the best dispersion for SiC and Al20 3-based composite system [31]. The mixed
12
paste was then homogenized for three hours on a roll-miller, and dried in a teflon bowl
under magnetic stirring.
For SiC particles as the reinforcer, the composites of mullite with 0, 10, 16, and
20 wt.% SiC particles were prepared. Powders were attrition milled with zirconia balls
in a plastic-lined jar using a methanol medium for 36 and 48 hours respectively. After
ball milling and removal of the grinding media, the mixture of slurry was evaporated on
a hot plate to dry under continuous magnetic stirring.
The dried mullite and SiC mixture was then crushed and sieved through 600
micrometer sieves. As a binder, the form of 5% solution of polyvinyl alcohol in an
amount of 10 vol.% was incorporated. The binder and sieved powders were mixed and
crushed in a teflon bowl, and sieved through 600 micrometer sieves again to produce a
uniform and homogeneous mixture. For the preparation of relatively low porosity
specimens (porosity less than 15%), the mixed powders were calcined at 1000°C for 10
hours and ball milled another 24 hours before incorporation of the binder.
3.2 Specimen Fabrication
Conventional ceramic processing methods were used to produce specimens for
density measurement and mechanical tests. Bulk specimen disks with a diameter of 31.75
mm (1.25 inch) and an approximate thickness of 4 mm were formed by uniaxial pressing
13
in a cylindrical steel die at a pressure of 21 MPa. Following the die pressing, some of
the disks were isostatically pressed at 310 MPa in sealed and evacuated penrose drain
tubing to producx relatively low porosity specimens later (porosity less than 15%).
"'l-
The green disks were then heated to 800°C for 1 hour to bum off the binder and
residual organics during the powder processing. Sintering was carried out in an electrical
resistance box furnace at desired temperature for 3 hours in air to obtain different levels
of porosity. The iso-pressed disks were sintered at desired temperature for 5 hours. A
typical sintering procedure is illustrated in Fig.4.
3.3 Density Measurement
The densities of specimens were measured using the Archimedes' method, as
described in section 2.3, with an immersion medium of deionized water. The theoretical
density of composite specimens can be calculated based on theoretical densities of
mullite and SiC, 3.14 g/cm3 and 3.217 g/cm3, respectively. The porosity was then
determined by comparing of actual bulk density and theoretical density of the specimens.
3.4 Flexural Intrinsic Strength Testing
For each powder composition, specimen sets of 6-10 disks were fabricated using
the procedure described in section 3.2. Before testing, the disks were ground to flat and
14
Temperature
1500-16500C
14000C 3 CC/min 3-5 hrs
30 min
lOOOoC 30C/min
30 min
Time
Fig.4 Typical sintering procedure of mullite composites
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an approximate thickness of 3.5 mm. In order to reveal the intrinsic strength of the
composites, unpolished and unindented specimens were used to be broken in biaxial
flexure on an Instron servo-hydraulic testing machine (Instron Model 1350). A schematic
diagram of the testing fixture is presented in Fig.5. Load was applied by a centrally
located, flat, circular punch with a radius 'of 2.472 mm, and a three point support circle
with a radius of 9.373 mm.
Biaxial flexural testing technique provided two benefits. First, this geometry was
able to accommodate the slight warpage on the specimen surface which often arose during
handling of the warm-pressed disks, so that a uniform biaxial stress field in the central
region of the disk could be still maintained. Second, the biaxial flexure testing prevented
fractures occurring from the spurious edge flaw. Specimens were tested in stroke control,
using a cross-head speed of about 200 mmfs. All fractures occurred in 20 ms or less, and
the load-time response was recorded on a storage oscilloscope.
The fracture strengths (O'f) were calculated from the failure loads and specimen
dimensions using the following thin-plate formulae proposed by Watchman et aI. [32]:
with
x =(I +v)ln(B/C)2+[( I-v)/2](B/C)2
Y =(l+v)[I+ln(AlCf]+(l-v)(AlC)2
16
...(6)
...(6a)
...(6b)
Applied Load
Sample
(approx. 3.5x27 rnm dia.)
~ r----""------..,
(a) t
Sample
Support Circle
(18.746 mm dia.)
Loaded Area
(4.944 mm dia.)
(b)
Fig.S Schematic diagram of indentation strength test rig
(a) side view, (b) top view.
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-where P is the load at failure, d is the specimen thickness, v is Poisson's ratio, A is the
radius of the support circle, B is the radius of the loaded area, and C is-the specimen
radius.
The following correction proposed by de With and Wagemans [33] was applied
due to the thin thickness of the specimens relative to the punch radius:"
...(7)
where b is the radius of uniform loading area which was assumed by Watchman et ai. to
be equal to punch radius z, and t is the specimen thickness. This correction is necessary
for thinner specimens due to the greater amount of flexing of the specimen under the
applied load [33]. As the amount of bending of the sample prior to failure changes, the
area under constant loading also changes.
3.5 Indentation-Strength Testing
24 disks of each composition with the same level of porosity were prepared for
strength-indentation testing using an automatic polisher (Leco VP-150 VARIIPOL). 6-8
disks were mounted to a 5.5 inch diameter steel platen and then were ground sequentially
on 220, 400 and 600 grit diamond abrasive wheels with flowing water acting as a coolant.
Following grinding, two polishing steps were performed using 15 and 6 11m diamond
18
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paste on silk cloths supported by a steel plate, with diamond extender oil as a lubricant.
The disks were then removed from the platen by heating on a hot plate to thermally
degrade the adhesive.
After removal from the platen, the thickness and diameter of the disks were
measured using a micrometer and calipers. The centers of the polished face of each disk
were indented, using a Vicker's diamond pyramid, at loads of 5, 10, 50, 100, 200, 300
N, with a dwell time at load of 15 seconds in air. At least 4 disks were indented with
each indentation load. After indented, a drop of silicone oil (Dow-Coring 704 diffusion
pump oil) was immediately placed over the indentation site to prevent subcritical crack
growth from environmental moisture.
The indented disks were then broken in a biaxial flexure using the same procedure
as described in section 3.4, and fracture strengths at each indentation load were calculated
using equations (6) and (7).
All disks were examined after testing using a stereo microscope to verify the
indentation site as the origin of failure. The strength data from samples which did not fail
through indentations were included with the data for unindented strength.
-.
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3.6 Fracture Surface Observation
The fracture surfaces of the composites with porosity of about 28% were observed,
using a scanning electron microscope (SEM), to examine the pore characteristics and
distributions in the porous ceramics.
20
8.28
26.93
11.57
1635CC)
14.28
35.11
Table 2. Porosity of Pure Mullite
21
38
rosity measurement for pure mullite, mullite-SiC-powder and
posites, milled for 36 hours and 48 hours, and sintered at
atures, are shown in from Table 2 to Table 5.
d specimens were iso-pressed following uniaxial die pressing.
ed, the porosity of the composites decreased as the. sintering
desired amount of pores was created in the composites by using
dure (uniaxial press or isostatical press) and by controlling
herefore, it appears that an optimum porosity of the porous
ained via controlling the conditions of the fabricating process.
CUSSION4 RESULTS AND DIS
4.1 Density and Porosity
The results of po
mullite-SiC-whisker com
different sintering temper
Sint.Temp. 160
Poro.(%)* 41.
Poro.(%)# -
*Ball milled 36 hours.
#Ball milled 48 hours, an
As to be expect
temperature increased. A
different pressing proce
sintering temperature. T
composites could be obt
r-
Table 3. Porosity of Muliite-SiC-P Milled for 36 Hours
Composite Sint. Temp.(DC) Porosity(%)
1500 44.07
M+lOwt.%SiC-P 1550 39.52
1600 27.66
1550 30.27
M+16wt.%SiC-P 1565 26.33
1575 23.00
1525 30.24
M+20wt.%SiC-P 1550 25.99
1575 17.53
\"
The ball milling time also affected the. final porosity results of the composites. It
can be seen that, from Table 3 and Table 4, the specimens milled 48 hours and sintered
at the same sintering temperature, have lower porosity than those milled 36 hours. This
is because a longer milling time reduced the particle size of raw material more greatly so
that it could be sintered more easily to approaching the theoretical density more quickly.
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Table 2 and Table 4 shown the porosity measurement results of pure mullite
specimens and mullite-16wt.%SiC-P composites with and without iso-press during the
fabricating process. A large difference of the results can be noticed between the iso-
pressed and non-iso-pressed samples. Under the same sintering condition, the relative
densities of iso-pressed specimens were greatly improved, compared to those of non-iso-
pressed specimens. Therefore, in addition to the sintering temperature, the applied
pressure during the shaping process is also a very important factor.
Table 4. Porosity of Mullite-SiC-P Milled for 48 Hours
gpgpp
Composite Sint. Temp.(°C) Porosity(%)
1525 33.10
M+16wt.%SiC-P 1550 27.94
1575 20.19
1525 21.61
.'
M+16wt.%SiC-P* 1550 15.93
1600 15.69
':)1 eClmens were ISO- ressed tollowm umaxIaI dIe ressm .
Another interesting point is that, as shown in Table 2 and Table 5, at a given level
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of porosity, a lower sintering temperature can be employed if the amount of SiC added
in the muBite matrix is increased. This characteristic is technologically important because
it can save energy and prolong the life of a furnace.
Table 5. Porosity of Mullite-SiC-W Composites
Composite Sint. Temp.(°e) Porosity(%)
1550 45.46
, .
M+3wt.%SiC-W 1600 37.97
1650 29.45
1550 38.11
M+5wt.%SiC-W 1600 32.54
1650 22.98
1550 44.43
..
M+10wt.%SiC-W 1600 30.42
1650 15.90
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4.2 Microstructure Analysis
By using scanning electron microscopy (SEM), the features observed on the
fracture surfaces of the composites with different porosities are shown in Fig.6 to Fig.8.
Fig.6 shows the fracture surfaces of pure mullite, mullite-SiC-whiskers and
mullite-SiC-powder. The porosities of all three samples used for this observation were
about 28%. It appears that a considerable amount of continuous open pores was created
and distributed uniformly in the composites, and most of the pores have irregular shape.
In Fig.6(b), for the mullite-SiC-W composite, a certain amount of crack-whisker
,_
interaction and whisker pullout exist. In Fig.6(c), the SiC particles were distributed
homogeneously as a second phase in the mullite-SiC-P composite.
Fig.7 and Fig.8 depict the fracture surfaces of pure mullite and mullite-16wt.%SiC-
P composites with different amount of porosity. It can be seen that, as the sintering
temperature increased, the porosity decreased, and the size of ligaments connecting pores
increased. In addition, the pure mullite samples exhibited predominantly the intergranular
fracture, while the mullite-16wt.%SiC-P composite showed the transgranular fracture. This
fracture mode change may come from mechanical interlocking of SiC particles with grain
boundaries. Similar fracture mode change has also been observed when a small amount
CI::l
of SiC particles was dispersed in AIP3 matrix [34].
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(a) (b)
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Fig. 6 SEM features of fracture surfaces
for pure mullite (a), mullite-SiC-whisker
(b), and mullite-SiC-particle composites
with 28% porosity
(a)
(c)
5/-UTI
10 11 III
I ~o
26
(b)
f fracture surfaceso 6 SEM features 0
FIg. 0 SOC-whisker
o () mulhte- Ifor pure mulhte a '. osites
o SiC-partIcle comp(b), and Illulhte-
with 28% porosity
(a) 33% porosity 20J-lillI I (b) 28% porosity
20J-lill
Fig. 7 SEM features of fracture surfaces
for porous single phase mullite
(c) 22% porosity 20J-lillI I
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Fig. 7 SEM features of fracture surfaces
for porous single phase mullite
(c) 22% porosity 20 !J III
(a) 33% porosity 20 j1m (b) 28% porosity
Fig. 8 SEM features of fracture surfaces
for porous mullite-SiC composites
(c) 22% porosity 20 j1mI I
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(a) 33% porosity 20 11m (b) 28% porosity
Fig. 8 SEM features of fracture surfaces
for porous l1lullite-SiC composites
(c) 22% porosity 20 11m
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4.3 Flexural Intrinsic Strength
The results of flexural strength testing for pure mullite, mullite-SiC-W, and
mullite-SiC-P composites are listed from Table 6 to Table 8. Fig.9 and Fig.10 show the
flexural strength vs. porosity of pure mullite and mullite-16wt%-SiC-P composites
respectively.
Table 6. Flexural Strength of Pure Mullite
gpgpp
Composite SintTemp.(°C) Porosity(%) Strength(Mpa)
1575 45.23 40.2±5.3
Mullite 1600 41.38 65.7±11.3
1625 35.11 113.3±4.8
1650 26.93 168.0±13.5
1625 14.28 170.7±13.3
Mullite* 1635 11.57 167.2±15.1
1650 8.28 200.6±15.4
~~l eClmens were ISO- ressed tollowm umaxlal dIe ressm
From the flexural strength data listed in Table 6 to Table 8, it can be seen that as
29
the porosity increased, the strength was reduced dramatically. This is a reasonable and
expected result. The presence of a flaw such as a crack, pore, or inclusion in a ceramic
material results in stress concentration, and reduces the strength of the material. The
effects of three-dimensional flaws such as pores and inclusions have not been analyzed
Table 7. Flexural Strength of Mullite-SiC-W Composites
Composite Sint.Temp.(°C) Porosity(%) Strength(MPa)
1550 45.46 39.0±3.7
M+3wt.%SiC 1600 37.97 96.8±7.3
1650 29.45 168.9±32.6
1550 38.11 59.7±13.5
M+5wt.%SiC 1600 32.54 92.8±18.6
1650 22.98 127.7±28.8
1550 44.43 56.7±7.3
._~
M+I0wt.%SiC 1600" 30.42 139.9±17.5
1650 15.90 236.8±8.2
30
rigorously [35]. It is evident, however, that the severity of strength reduction in a porous
material is affected by a combination of the shape of a pore, porosity content, and the
.distance between pores and the distance between a pore and the surface. A simple
spherical pore would theoretically have a less stress concentration than a sharp crack.
/
Table 8. Flexural Strength of Mullite-SiC-P Composites
gpgpp
Composite Sint.Temp.eq Porosity(%) Strength(MPa)
1500 44.07 56.1±2.8
M+lOwt.%SiC 1550 39.52 70.6±4.0
1600 27.66 127.7±11.8
1550 30.27 132.0±13.7
M+16wt.%SiC 1565 26.33 139.7±12.8
1575 23.00 157.7±14.4
1525 21.61 206.1±17.5
M+16wt.%SiC* 1550 15.93 215.7±15.0
1525 30.24 119.2±5.8
M+20wt.%SiC 1550 25.99 117.1±9.1
1575 17.53 187.6±13.3
'~1 eClmens were ISO- ressed tollowm umaxlal dIe ressm
However, pores in ceramics are not perfectly spherical. The SEM observations show that,
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in the present studied mullite-based composites, some of pores are roughly spheric'al but
most are highly irregular. In addition, as the porosity increases, the size of ligaments
connecting pores, i.e. the distance between pores, decreases. Therefore, there is a marked
reduction of strength in the porous composites as the porosity increases.
Comparing the intrinsic strength of the pure muIlite to that of mullite-SiC
composites (Fig.9 and Fig. 10). It is noticed that at a lower porosity range (less than 15%),
the flexural strength of mullite-16wt.%SiC-P was higher than that of pure mullite. This
result is consistent with that of the highly dense mullite reinforced by SiC powder
reported by Osendi et al. [11]. However, there is no significant increase of the flexural
strength for the composites of mullite matrix with SiC in the form of whiskers or powders
with higher porosities (more than 15%). The lack of particle strengthening of SiC
reinforced mullite with higher porosity is due to that the presence of pores in the sintered
materials seems to be a determining factor, particularly in regard to strength, because the
pores usually act as strength limiting flaws. It is noticed that, from Table 6 and Table 7,
for muIlite with relatively higher concentrations of SiC whiskers (5 wt.% and 10 wt. %)
its flexural strength was even a little lower than the strength of pure muIlite at the same
level of porosity. This is partially due to the problem of dispersion of SiC whiskers in
mullite matrix. The non-uniformly dispersed whisker agglomerates hindered the shrinkage
of mullite matrix, and acted as additional strength limiting flaws [11]. The action of
whisker agglomerates with an associated porosity can be observed on the SEM fracture
surface features of mullite-SiC-W composite in section 4.2.
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Fig.9 Fracture strength vs. porosity of pure mullite
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4.4 Indentation-Strength Response
The indentation-strength response for pure mullite and mullite-16wt.%SiC-P with .
porosity of 20%,28% and 33% are presented in Fig. I I to Fig.!5, and summarized in
Table 9.
It is shown, from Fig.! I, that pure mullite with 20% and 28% porosity exhibited
a monotonic decrease in fracture strength with the indentation load. No significant
deviation from a slope of -113 was observed, and hence no R-curve behavior was
indicated. The single valued toughness corresponding to each material relates directly to
their relative failure strengths at a given indentation load [36]. Thus, the toughness values
J
can be seen to decrease approximately linearly with increase of porosity. For pure mullite
with 33% porosity, the slope of the logcrr - logP plot was deviated from the -113 behavior
and gave a response less dependent on the indentation load. Such flaw tolerance is
indicative of the rising R-curve behavior. Fig.12 shows the indentation-strength response
of mullite-16wt.%SiC-P composites with different porosities. Similar R-curve behavior
can be observed for the composite system.
From Fig.13 and Fig.!4, it can be seen that, at relatively lower porosity (less than
33%), the mullite-16wt.%SiC-P composites exhibited the R-curve behavior, while pure
mullite exhibited the single valued toughness at the same porosity. The toughness
improvement in mullite-16wt.%SiC-P composites was possibly caused by crack deflection,
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Fig.ll Indentation-strength response of pure mullite with different porosities
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Fig.12 Indentation-strength response of mullite-16 wt.%SiC-P with different porosities
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Fig.13 Comparison of indentation-strength response of pure mullite and mullite-
16wt.%SiC-P with 20% porosity
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Fig.14 Comparison of indentation-strength response of pure mullite and mullite-
16wt.%SiC-P with 28% porosity
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Fig.IS Comparison of indentation-strength response of pure mullite and mullite-
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Table 9. Summary of Indentation-Strength Data
Indentation Load, N
(%) 5 10 50 100 200 300
.p...
20
28
33
MuIlite 194.7±11.1 163.6±8.0 96.1±0.9 77.4±1.2 65.8±1.1 59.±1.2
M+16wt.%Sic-P 177.6±8.5 158.1±9.6 91.8±2.7 82.8±3.2 65.9±4.1 57.4±3.9
MuIlite 159.4±1O.9 131.8±9.5 79.8±2.5 68.9±4.0 57.3±2.9 51.2±3.1
M+ 16wt.%SiC-P 141.9±10.6 132.5±9.1 84.8±5.1 64.9±1.2 58.0±5.2 52.0±1.l
Mullite 119.5±2.2 111.l±7.3 77.4±4.0 65.3±4.3 56.9±3.4 50.0±O.8
M+16wt.%SiC-P 97.3±O.3 91.8±3.2 70.4±3.4 55.2±5.1 51.3±0.9 46.9±1.7
because addition of the second phase particles that do not react with the matrix material
-\
generally increases the toughness by crack deflection [37].
It is known that fracture toughness is strongly affected by the microstructure of
a ceramic [38, 39], and by the path that a crack follows as it propagates through the
material. If the crack follows a planar, smooth path, for example, in a single crystal, the
new surface area produced is a minimum and the fracture energy is low. This results in
a very low fracture toughness. Most ceramics are polycrystalline. Each grain generally has
a different crystal orientation than adjacent grains. A crack passing through a
polycrystalline ceramic does not follow a smooth planar path, but follows the gra~n
boundaries around some grains and fractures other grains. Thus, the total new surface
I
generated as the crack propagates is greater, and this results in a greater fracture surface
energy and a greater fracture toughness.
Ceramic microstructures can be modified so as to increase crack deflection and
increase fracture toughness. This can be achieved by the dispersions of foreign particles,
or by the addition of a second phase of the desired morphology. Therefore, it is
reasonable and expected that the mullite-SiC-P composites possess improved fracture
toughness compared to that of pure mullite.
For the mullite-16wt.%SiC-P composite with a higher porosity (33% porosity).
neither intrinsic strength improvement nor fracture toughness improvement was observed
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as compared to the pure muIlite (see Fig.IS). This is because at a higher level of porosity
the presence of pores, instead of second phase particles, becomes the determining factor
to control mechanical properties of the porous ceramic composites.
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5 CONCLUSIONS
Based on the present study of mechanical properties of the porous mullite-SiC
system, the following conclusions can be made:
(1) Porous mullite,. mullite-SiC-whisker and mullite-SiC-particle composites with
different amount of porosity were prepared by adjusting processing parameters , i.e. the
shaping pressure and sintering temperature.
(2) For a given level of porosity, sintering temperature decreased with increasing
amount of SiC both in the form of either whisker or particle.
I
(3) The flexural intrinsic strength of both pure mullite and mullite-SiC composites is
dramatically reduced as the porosity increases.
(4) At a lower porosity range (porosity less than 15%), the flexural strength of
mullity-SiC-particle composites is higher than that of pure mullite, while at higher level
of porosity (more than 15%), there is no significant increase in the flexural strength for
the composites of mullite matrix with SiC in the form of either whisker or particle..
(6) From the indentation-strength testing, the pure mullite shows single valued fracture
toughness at a lower range of porosity (less than 30%), while the mullite-SiC-particle
.~, ....
composites exhibit R-curve behavior.
(7) Dispersion of SiC particles into mullite matrix improved fracture toughness at a
lower level of porosity (less than 30%). No improvement of fracture toughness is
observed in mullite-SiC composites at a higher level of porosity.
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(8) SEM observation of the fracture surfaces shows that majority of pores are
irregular, but uniformly distributed in raIl three porous materials. Also, the pure mullite
exhibits predominantly the intergranular fracture, while the mullite-SiC-particle composite
shows the transgranular fracture. This fracture mode change is related to the possible
mechanical interlocking of SiC particles with grain boundaries.
....
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